The suppressive effect of proflavine and related acridine derivatives on bacteriophage synthesis is considered to be due to the blocking of certain processes concerned with the assembly of the infectious virus particle from its vegetative subunits. In this model, proflavine does not seriously impair the synthesis of phage-specific deoxyribonucleic acid (DNA) or protein (DeMars, 1955;  Kellenberger and Kellenberger, 1957;  Murakami, Van Vunakis, and Levine, 1959) . Proflavine has been shown to inhibit production of several animal viruses. Synthesis of virus-specific protein and infectious nucleic acid has been shown to proceed in proflavine-treated infected cells in which production of infectious virus has been blocked (Ledinko, 1958; Franklin, 1958; Brown and Stewart, 1960) . It is not unlikely, therefore, that the mechanism of inhibition is similar to that postulated for the suppression of bacteriophage synthesis. Ephrussi and Hottinguer (1950) indicated that low concentrations of proflavine and related diamino-acridine compounds act on the cytoplasm to block "an auto-reproducing, cytoplasmic component necessary for the synthesis of (some) respiratory enzymes." In view of this preferential effect on cytoplasmic protein synthesis, it is possible that, in more complex virus-host cell systems in which virus-induced antigens or subunits are produced in the nucleus as well as the cytoplasm, proflavine may exert a differential block on the synthesis of certain of these antigens. Franklin (1958) utilized this concept to investigate further the nature of the H and S antigens of fowl plague virus.
Adenovirus-infected HeLa cells produce, in addition to infectious virus, a number of soluble antigens readily separable from the infectious agent (Klemperer and Pereira, 1959; Wilcox and Ginsberg, 1961a) . Certain data suggest that these antigens, which appear to be synthesized exclusively within the nucleus (Boyer, Denny, and Ginsberg, 1959) , may represent virus subunits or precursor materials. The employment of biochemical inhibitors to elucidate the temporal relationships between virus and soluble-antigen synthesis would appear to represent a profitable approach to this problem.
The effects of proflavine on the synthesis of soluble antigens and infectious adenovirus, type 5, are considered in this communication.
MATERIALS AND METHODS
Tissue cultures and media. Epithelial cells of the HeLa (Gey) strain were grown in screw-capped VOL. 84, 1962 SYNTHESIS OF ADENOVIRUS AND SOLUBLE ANTIGENS tubes as previously described (Ginsberg, 1958) (1957) . In the latter case, the growth medium employed was identical with that described by Levintow and Darnell (1960) , with the exception that 10% human rather than 5% horse serum was employed.
Virus. The single pool of type 5 adenovirus, employed in all the experiments, was prepared and stored as previously described (Ginsberg and Dixon, 1961) . In experiments where large virus inocula were used to insure infection of every cell, the virus was treated with trypsin prior to use so as to inactivate the toxin present in crude virus preparations (Everett and Ginsberg, 1958; Pereira, 1958) . Trypsin was used in a final concentration of 50 ,g/ml for 30 min at 37 C. An equal amount of soy bean trypsin inhibitor was added to the virus preparation after trypsin treatment.
Virus infectivity and toxin titrations. Infectivity titrations were carried out in tube cultures of HeLa cells, using 10-5 (1:3.2) dilution increments as previously described (Ginsberg, 1958) . The toxic activity of crude, infected celllysates was also assayed in tube cultures of normal HeLa cells. Serial twofold dilutions of the materials to be tested were made in Hanks' solution; 0.2 ml of each dilution was added to duplicate tubes of HeLa cells and the tubes were incubated at 37 C. After 6 hr, these cultures were examined in comparison with normal control tubes for evidence of cytopathic alterations. Changes ranging from clumping and separation of the entire cell sheet from the glass surface to a "rounding-up" of cells at the periphery of the cell sheet only were arbitrarily scored from 5 + to 1+. The toxic reaction increased very little in severity from the 6th to the 20th hr after infection, at which time changes attributable to virus multiplication commonly became evident in the lower dilutions. Titers were expressed as the highest dilution of material yielding a 1 + cytopathic effect.
Complement-fixation titration. A standard test employing 1.5 exact units of complement was used to measure complement-fixing antigens (Hilleman and Werner, 1954 (Pillemer et al., 1956 ).
Titers were expressed as the highest initial dilution of antigen initiating complete fixation.
Proflavine. Proflavine was dissolved in Hanks' solution at a concentration of 200 ,g/ml. Stock solutions were kept no longer than 7 days in the dark, after which they were discarded.
Determinations for DNA, ribonucleic acid (RNA), and protein. The Burton (1956) modification of the diphenylamine reaction for deoxyribose was employed for the determination of DNA. Thymus DNA was used as a standard. RNA was determined by the orcinol method (Dische, 1953) , which measures ribose. D-Ribose was utilized as the standard. The method of Lowry et al. (1951) was employed to determine protein concentrations, with crystalline bovine albumin employed as a standard.
RESULTS
Effect of profiavine on normal HeLa cells. Apart from its photodynamic action, proflavine was found to exert a progressive toxic effect upon normal HeLa cells grown on glass. This effect was both accelerated and enhanced by exposure to light. Tube cultures of normal HeLa cells were exposed to proflavine at several different concentrations. Cultures treated in this manner were handled in a darkened room and incubated at 37 C in total darkness; 8 and 24 hr after treatment, duplicate cultures were examined microscopically in comparison with normal controls for evidence of toxic changes. In addition, similarly treated cultures were exposed to fluorescent light (Sylvania F4T5/D) for 4 hr, then incubated in total darkness for an additional 20 hr, and period. When severe cytopathic alterations became evident in untreated, infected controls (32 hr for cells infected with high virus multiplicities; 72 hr for those infected with less virus), the cellular contents of the 15 tubes comprising each of the treated and control groups were pooled, washed five times with cold phosphate-buffered saline (PBS), and lysed by six cycles of alternate freezing and thawing. Cell lysates obtained in this manner were centrifuged to remove cellular debris (8,713 X g, 20 min), and assayed for infectivity, toxicity, and complement-fixing activity. Titers thus obtained were compared with those from infected control cells grown in the absence of proflavine.
The results of several experiments are expressed in Table 2 as percentages of the corresponding untreated control values. In the presence of proflavine at a concentration of 0.5 ,ug/ml, infectivity titers were reduced 30-to 150-fold. In contrast, suppression of toxin and complementfixing antigen synthesis was markedly less notable. Higher concentrations of proflavine effected a greater reduction in the yield of both infectious virus and soluble antigens, a result which was difficult to interpret because of druginduced cytopathic alterations (Table 1) . Despite reduced virus yields, proflavine-treated cells which had been multiply infected exhibited nearly the same degree of cytopathic effect as did untreated infected controls. In contrast, when low multiplicities (0.01) of infecting virus were employed, treated cultures showed markedly fewer degenerative changes than did appropriate control cultures (Table 2 ). The explanation for this phenomenon is not apparent.
Inhibition of virus propagation may result from a photodynamic action of the dye upon the virus particle, its precursor, or the host cell. The possibility that the inhibition of virus synthesis seen in Table 2 resulted from a direct action of dye and ambient light was considered. Accordingly, experiments were conducted to determine whether the brief exposure of the virus-cell component to subdued, indirect light occurring at the time of infection and harvest could account for the decreased yield of virus and soluble antigens that was observed. Results summarized in Table  3 indicate that this amount of light had no effect upon the yield of virus or virus-induced antigens.
Effect of profiavine on free virus, toxin, and complement-fixing antigens. It was important to determine whether the action of proflavine is exerted on the host cell-virus complex or, alternatively, on free virus and virus-induced antigens. To clarify this point, proflavine was added to a suspension of virus and soluble antigens to a final concentration of 2 ,ug/ml. A comparable volume of saline was added to an identical virus sample to serve as a control. The concentration of proflavine employed was twice that utilized in subsequent experiments. Treated and control preparations were held at 37 C in total darkness; 10 and 24 hr after addition of proflavine, samples were taken from the treated and control preparations, diluted to lower the proflavine concentration, and assayed separately for homotypic rabbit antiserum. The results of this experiment (Table 4) indicate that proflavine, in the absence of light, has no effect on either free virus or soluble antigens. One may conclude, therefore, that the action of this dye is upon the virus-host complex rather than on newly synthesized virus or virus-induced antigens. No attempt was made to ascertain whether photodynamic inactivation of these materials would occur under the joint stimulus of proflavine and visible light. (Ledinko, 1958) . This does not imply that proflavine cannot affect other steps involved in the synthesis of adenovirus.
The concentration of proflavine employed was sufficient to suppress markedly the synthesis of toxin and complement-fixing antigens (Fig. 1) regarded as evidence in favor of the postulate previously advanced (Wilcox and Ginsberg, 1961b ) that these antigens are precursors or subunits of the infectious virus particle. Suppression of virus and associated antigens as a function of proflavine concentration. The effect of proflavine on synthesis of infectious virus, toxin, and complement-fixing antigens was investigated at dye concentrations ranging from 0.063 to 1.0 ,g/ml. Proflavine was added to infected cultures 5 hr after infection and allowed to remain in the medium throughout the growth period. Trypsin-treated type 5 virus was used to infect cultures at an approximate multiplicity of 10 ID50 per cell to insure maximal infection; 32 hr after infection, at a time when untreated, infected cultures showed completed cytopathic effects, the cellular contents of the tubes comprising each group were pooled, washed, lysed, and assayed. Each group contained 15 cultures.
The effects of increasing concentrations of proflavine upon infectivity, toxicity, and complement-fixing activity are shown in Fig. 2 . This tr')3 J. BACTERIOL. by the lower concentrations of proflavine that were employed. This initial resistance was followed by a rapidly increasing sensitivity at dye concentrations in excess of 0.125 big/ml. The "multiple-hit" configuration of the proflavineinhibition curves for toxin and complementfixing antigens may be variously interpreted. For example, it may be that production of these materials involves several independently occurring steps and that blocking any step independently of the others has no effect on the over-all synthesis of antigen. Whatever the case, extended speculation of this sort is not profitable until further information is forthcoming. The exponential segment of the proflavine-inhibition curves for the soluble antigens has nearly the same slope as that for inhibition of infectious virus. In terms of proflavine sensitivity, the synthesis of these antigens resembles the cytoplasmically-produced hemagglutinin of fowl plague virus much more than the nuclear-synthesized complement-fixing (S) antigen, which was relatively insensitive to the action of proflavine (Franklin, 1958) . As was the case in the experiments of the previous section, the processes concerned with the synthesis of toxin and complement-fixing antigens exhibited an almost identical response to the action of proflavine. It is noteworthy, however, that these antigens are immunologically and physically distinct moieties (Kleinperer and Pereira, 1959; Wilcox and Ginsberg, 1961a) Schmidt and Thannhauser (1945 Proflavine and related diamine-acridine dyes appear to inhibit growth of bacterial viruses by interfering with the assembly of noninfectious phage precursors or subunits into infectious virus (DeMars, 1955; Kellenberger and Kellenberger, 1957; MVurakami et al., 1959) . These chemicals do not interfere with the synthesis and accumulation of virus-specific DNA or protein. Proflavine, however, does exert an effect on virus nucleic acid, since it has been employed to induce mutations in animal and bacterial viruses (Dulbecco and Vogt, 1958; DeMars, 1953) , as well as upon cytoplasmic protein synthesis with particular reference to the production of certain respiratory enzymes (Ephrussi and Hottinguer, 1950) .
With this information at hand, the effect of proflavine on synthesis of adenovirus and its associated soluble antigens may be considered. Of primary interest is the observation that proflavine exerted an inhibitory effect upon the production of infectious adenovirus. This inhibition appeared to be an exponential function of the proflavine concentration, as has been previously reported for T2 bacteriophage and fowl plague virus (DeMars, 1953; Franklin, 1958) . Toward the end of the virus latent period, a progressive decrease in sensitivity to proflavine inhibition became apparent. The onset of this event coincided roughly with the first appearance of newly synthesized virus. For this reason, it may be assumed that the effect of this compound on the virus synthetic process occurs at a very late stage. These data are consistent with the hypothesis that proflavine affects the last stage of the growth process, namely, the assembly of precursor materials into mature, infectious virus.
Production of soluble complement-fixing and toxic antigens was also suppressed by proflavine in low concentrations, although to a lesser extent than was virus. The time at which synthesis of these antigens was no longer suppressed by proflavine occurred earlier in the eclipse period. It is apparent, therefore, that processes leading to the synthesis of soluble antigens are initiated at a time well in advance of the first appearance of newly synthesized virus. This observation has recently been substantiated by experiments employing the amino acid analogue, p-fluorophenylalanine, to inhibit antigen and virus production (Wilcox and Ginsberg, 1961b) . Early synthesis of soluble antigen is a necessary prerequisite to the postulate that such materials represent virus subunits or precursor materials, but does not, of course, furnish rigorous proof in favor of this hypothesis.
